Background: Treatment with bardoxolone methyl (Bard) in a multinational phase 3 trial, Bardoxolone Methyl Evaluation in Patients with Chronic Kidney Disease and Type 2 Diabetes (BEACON), resulted in increases in estimated glomerular filtration rate with concurrent reductions in serum magnesium. We analyzed data from several trials to characterize reductions in magnesium with Bard. Methods: BEACON randomized patients (n = 2,185) with type 2 diabetes (T2DM) and stage 4 chronic kidney disease (CKD) 1: 1 to receive Bard (20 mg) or placebo once daily. In a separate open-label study, magnesium levels from 24-hour urine and sublingual epithelial cell samples were analyzed in patients with stage 3b-4 CKD and T2DM administered 20 mg Bard for 56 consecutive days. Results: BEACON patients randomized to Bard experienced significant reductions in serum magnesium from baseline relative to patients randomized to placebo (-0.17 mEq/L, 95% CI -0.18 to -0.60 mEq/L; p < 0.001). A separate study showed intracellular and urinary magnesium levels were unchanged with Bard treatment. Conclusions: Bard treatment results in significant decreases in serum magnesium that are not associated with changes in intracellular and urinary magnesium levels, indicating that magnesium decreases are not due to renal magnesium wasting or total body magnesium depletion. Importantly, the decreases in serum magnesium with Bard are not associated with adverse effects on QT interval.
Introduction
Bardoxolone methyl activates the nuclear factor E2-related factor 2 (Nrf2) pathway, which plays an important role in maintaining kidney function and structure [1] [2] [3] [4] [5] . Bardoxolone methyl interacts with cysteine residues on kelch-like ECH-associated protein 1 (Keap1) allowing Nrf2 translocation to the nucleus and subsequent upregulation of a multitude of antioxidant genes [1, 5, 6] . Additionally, the structure and activity profile of bardoxolone methyl resemble those of the cyclopentenone prostaglandins, endogenous Nrf2 activators that exert anti-inflammatory effects by inhibiting the proinflammatory nuclear factor κB pathway [7] [8] [9] [10] .
Preclinical studies have shown that bardoxolone methyl and close analogs have beneficial activity in animal models of kidney disease, including amelioration of murine ischemic acute kidney injury [11] , attenuation of kidney interstitial inflammation and fibrosis in mice with proteinuria induced by protein overload [12, 13] , and protection against fibrosis in a 5/6 nephrectomy model of chronic kidney disease (CKD) [14] .
Improvements in kidney function, assessed using measured inulin clearance, measured creatinine clearance, and estimated glomerular filtration rate (eGFR), have also been observed consistently with bardoxolone methyl treatment in several clinical trials [15] [16] [17] [18] . The largest of these was a multinational, randomized, double-blind, placebo-controlled phase 3 outcomes trial, which enrolled 2,185 patients with type 2 diabetes mellitus (T2DM) and CKD stage 4 (Bardoxolone Methyl Evaluation in Patients with Chronic Kidney Disease and Type 2 Diabetes: The Occurrence of Renal Events [BEACON] ) [17] . The BEACON trial was terminated early because of safety concerns, largely driven by a significant increase in heart failure events within the first 4 weeks of exposure. The cause of these events was subsequently determined to be due to acute fluid retention without evidence of direct cardiotoxicity and occurred in a subset of patients with identifiable risk factors (elevated baseline B-type natriuretic peptide and prior history of heart failure) [19, 20] , which allowed for exclusion of at-risk patients in subsequent trials.
Despite the early termination of BEACON, patients randomized to bardoxolone methyl in BEACON experienced significantly improved kidney function. Lower serum creatinine concentrations (corresponding to higher eGFRs), along with lower serum concentrations of urea nitrogen, uric acid, and phosphorus were observed. In concert with improved kidney function, reductions in serum magnesium were also observed in bardoxolone methyl-treated patients, and hypomagnesemia was reported as an adverse event in 21% of patients randomized to bardoxolone methyl compared with 6% of placebo patients [17] . As a result, we performed analyses from BEACON and an additional pharmacodynamic study, which was conducted in parallel with BEACON, to further characterize reductions in serum magnesium induced by bardoxolone methyl treatment.
Methods

BEACON Study
The BEACON trial (NCT01351675) was a phase 3, randomized, double-blind, parallel-group, international, multicenter trial of once-daily administration of bardoxolone methyl (20 mg), as compared with placebo. Previous publications describe the BEACON trial design in detail [17, 21] . Briefly, BEACON enrolled adults with T2DM and stage 4 CKD, corresponding to an eGFR of 15 to < 30 mL/min/1.73 m 2 . Patients were randomized 1: 1 to once-daily administration of bardoxolone methyl or placebo. Patients received background conventional therapy that included inhibitors of the renin-angiotensin-aldosterone system, insulin or other hypoglycemic agents, and, when appropriate, other cardiovascular medications. eGFR was calculated using serum creatinine and the 4-variable Modification of Diet in Renal Disease (MDRD) study equation. eGFR and clinical chemistries (including serum magnesium) were assessed every 4 weeks through week 12, followed by assessments every 8 weeks thereafter. Electrocardiograms were collected every 24 weeks.
The primary composite endpoint of the trial was the time to first event in the composite outcome defined as end-stage kidney disease (need for maintenance dialysis, kidney transplantation, or renal death) or cardiovascular death. Secondary efficacy outcomes included the change in eGFR, time to first hospitalization for heart failure or death due to heart failure, and time to first event of a composite consisting of non-fatal myocardial infarction, non-fatal stroke, hospitalization for heart failure, or cardiovascular death.
The BEACON population was analyzed in accordance with the intention-to-treat principle. Longitudinal analyses of serum magnesium were used to compare mean changes in serum magnesium between the bardoxolone methyl and placebo groups. As previously described, mixed-effects regression used postbaseline serum magnesium as the response variable; treatment group, time, the interaction of treatment group with time, interaction of serum magnesium with time; and continuous covariates (serum magnesium at baseline, baseline eGFR, and urinary albumin-to-creatinine ratio) [17] . Longitudinal analyses were performed with the use of SAS software, version 9.3 (SAS Institute). In addition, summary statistics were to compare changes in serum magnesium QT interval corrected by Fridericia's formula (QTcF) in patients randomized to bardoxolone methyl or placebo. One-sample (paired) t tests were used for comparing mean changes to zero and two-sample t tests were used to compare the difference in means between bardoxolone methyl and placebo groups.
Pharmacodynamic Study
To further characterize the pharmacodynamic effects of bardoxolone methyl, 24 patients with CKD stage 3b-4 (eGFR 15-45 mL/min/1.73 m 2 ) and type 2 diabetes were enrolled in a multicenter, open-label study (NCT01549769) and were administered 20 mg bardoxolone methyl once daily for 56 consecutive days. Patients returned for clinical and laboratory evaluations on days 28 and 56 (end of treatment), and posttreatment follow-up on days 60 and 84. The primary objective of the study was to assess the pharmacokinetic profile of bardoxolone methyl in patients with CKD and type 2 diabetes. Additional objectives included assessing pharmacodynamic responses to bardoxolone methyl, including fractional excretion of magnesium and other electrolytes. The study was also halted on October 18, 2012 after premature termination of BEACON.
During each visit, vital signs, electrocardiograms, concomitant medication list, and adverse events were documented. Blood, urine, and sublingual epithelial cell samples were collected at different time points during the study. Patients were also asked to collect 24-hour urine samples during the screening and on days 1, 28, 56, and 84 of the study. eGFR was calculated using the MDRD equation. Sublingual epithelial cell specimens were used to determine intracellular magnesium levels using a previously validated method [22] . Following study termination, patients were asked to stop taking bardoxolone methyl; however, they were asked to complete two additional study visits approximately 4 weeks apart after stopping bardoxolone methyl to ensure patient safety.
Observed, change-from-baseline, and percent-change-from-baseline values for clinical laboratory values and 24-hour excretion variables (including fractional excretions) were summarized descriptively at all scheduled sampling points for all patients. All available data from patients receiving at least 1 dose of study drug were included in the analyses. No adjustments or imputations were utilized for missing values or for patients who withdrew prior to completing the study. Paired t tests were used to compare differences in baseline and post-baseline values of selected clinical laboratory parameters.
All studies were approved by Institutional Review Boards at participating sites and were conducted in accordance with the Declaration of Helsinki. All patients or subjects provided written informed consent.
Results
Patient Population
BEACON From June 2011 through September 2012, a total of 2,185 patients were randomized in BEACON to receive either bardoxolone methyl (n = 1,088) or placebo (n = 1,097) [17] . Previous publications also describe the demographics and baseline characteristics of the patients randomized to bardoxolone methyl versus those randomized to placebo in BEACON [17] , which are also summarized in Table 1 .
Pharmacodynamic Study Twenty-four patients were enrolled in the pharmacodynamic study, and their baseline characteristics are listed in Table 1 . Because the study was terminated early, only 15 (63%) patients received all planned dose administrations and only 10 patients completed all study assessments according to the protocol.
Effects of Bardoxolone Methyl on Serum Magnesium
The baseline serum magnesium levels in patients randomized to bardoxolone methyl were similar to those randomized to placebo (mean ± SD: 1.71 ± 0.23 vs. 1.72 ± 0.23 mEq/L, respectively). Changes in serum magnesium levels over time for patients randomized to bardoxolone methyl or placebo in BEACON are shown in Figure 1 . The decreases in serum magnesium levels with bardoxolone methyl were apparent by week 4 and plateaued after weeks 8 to 12. Nevertheless, patients randomized to bardoxolone methyl had significant decreases in serum magnesium compared to placebo (-0.17 mEq/L, 95% CI -0.18 to -0.60 mEq/L; p < 0.001) [17] .
Patients in BEACON also participated in a 4-week withdrawal period following the last on-treatment visit. Four weeks after the last dose, the mean serum magnesium levels in patients randomized to bardoxolone methyl were similar to baseline (mean ± SD: 1.69 ± 0.26 mEq/L; n = 864) and placebo patients (mean ± SD: 1.72 ± 0.25 mEq/L; n = 896).
Similar effects were observed in the pharmacodynamic study (Fig. 2) . Serum magnesium concentrations decreased significantly from baseline (p < 0.01) on day 28 and remained significantly lower through the end of treatment. Four weeks after the last dose (day 84), serum magnesium concentrations were not statistically significantly different than at baseline (p > 0.05).
Effects of Bardoxolone Methyl on Intracellular and Urinary Magnesium
Mean (SEM) percent change from baseline in red blood cells, sublingual epithelial cells, and 24-hour urinary magnesium levels from the pharmacodynamic study are also plotted in Figure 2. Magnesium concentrations in red blood cells showed a statistically significant (p < 0.01) decrease from baseline and had a trajectory similar to serum magnesium levels, with decreases persisting through day 56, after which concentrations generally trended back towards baseline. Notably, these changes were not accompanied by significant changes in intracellular magnesium levels, since mean magnesium concentrations in sublingual epithelial cells (which correlate with intracellular cardiac concentrations [22] ) were unchanged (mean ± SD change of -0.4 ± 1.9 and -0.3 ± 1.9 mEq/L at days 28 and 56, respectively; Fig. 2 ). Similarly, there were no significant increases in urinary magnesium excretion (mean ± SD change of -0.47 ± 1.32 and -0.48 ± 1.30 mmol/24 h at days 28 and 56, respectively; Fig. 2 ), fractional excretion of urinary magnesium, or creatinine excretion (Table 2) . 
Effects of Bardoxolone Methyl on QTcF
The mean (±SD) baseline QTcF values in patients randomized to bardoxolone methyl or placebo in BEACON were 427.4 ± 28.9 and 425.1 ± 28.0 ms, respectively. Table 3 shows the observed QTcF values and changes from baseline in QTcF at weeks 24 and 48 in BEACON. After 24 and 48 weeks of treatment, patients randomized to placebo had significant increases from baseline in QTcF. In contrast, bardoxolone methyl patients had numerical decreases from baseline in QTcF that were significantly different relative to QTcF changes in placebo patients. Similarly, in a separate cardiovascular safety ("thorough QT") study, treatment with 20-mg or 80-mg doses of bardoxolone methyl were associated with small, dose-dependent, decreases from baseline in QTcF. Importantly, the upper limits of the 2-sided 90% CIs for placebo-corrected changes from baseline in QTcF demonstrated that bardoxolone methyl does not prolong the QTc interval at doses as high as 80 mg. 
Discussion
In BEACON, bardoxolone methyl treatment resulted in small but statistically significant reductions in serum magnesium levels relative to baseline and placebo. The decreases in serum magnesium were attenuated after 8-12 weeks of treatment, and the decreases were reversible, with serum magnesium concentrations returning to baseline after cessation of the study drug. Similar effects on serum magnesium were observed in an open-label pharmacodynamics study as well as a prior phase 2 trial (BEAM) in patients with CKD.
Only 0.3% of total body magnesium is found in serum [23] , so decreases in serum magnesium do not necessarily reflect total body magnesium levels. Importantly, urinary and intracellular magnesium levels were unchanged in a separate pharmacodynamic study. These data support the notion that reductions in serum magnesium observed with bardoxolone methyl treatment in CKD patients are not associated with renal magnesium wasting or total body magnesium depletion. Consistent with this finding, no changes in other electrolytes, including potassium and calcium (online suppl. Appendix; for all online suppl. material, see www.karger.com/doi/10.1159/000500612), were observed, suggesting that the reductions in serum magnesium were not due to tubular toxicity.
Approximately two-thirds of patients enrolled in BEACON were receiving concomitant diuretics at baseline (64% of placebo patients [702/1,097] and 63.5% of bardoxolone methyl patients [691/1,088]) [17] . We did not control for diuretic use in the present analyses; nevertheless, if diuretics were responsible for urinary loss of magnesium, we would expect to see increases in urinary magnesium with bardoxolone methyl treatment. Instead, in the pharmacodynamic study, urinary magnesium levels actually decrease, suggesting that the decreases in serum magnesium are unlikely related to diuretic use.
Although low magnesium levels can increase the risk for arrhythmias, there was no association between decreases in serum magnesium and prolonged QT interval with bardoxolone methyl treatment. Rather, patients randomized to bardoxolone methyl in BEACON had decreases in QTcF at weeks 24 and 48 relative to baseline and relative to placebo. Importantly, as shown in a separate thorough QT cardiovascular safety study, bardoxolone methyl treatment did not increase placebo-corrected QTcF (ΔΔQTcF) at doses as high as 80 mg. Thus, decreases in serum magnesium with bardoxolone methyl are not associated with QTcF increases.
Muscle spasms were the most frequently reported adverse event in BEACON, occurring in 42% of bardoxolone methyl patients (460/1,088) and 15% of placebo patients (169/1,097), and in 50% of patients in the pharmacodynamic study (12/24) . The present study showed that 24-hour urinary creatinine excretion was not increased (Table 2 ) and prominent laboratory findings from other studies have shown that lactate dehydrogenase, BUN, uric acid, phosphorus, and potassium levels were also not increased in bardoxolone methyl subjects and therefore support the notion that muscle spasms are not associated with muscle toxicity. Instead, muscle spasms may result from improved insulin sensitivity and glucose uptake. Notably, concurrent with serum magnesium reductions, a trend of decreasing mean serum creatine phosphokinase levels were observed in BEACON and the pharmacodynamic study (online suppl. Appendix), which are inconsistent with muscle injury. Moreover, since magnesium is a cofactor for creatine phosphokinase in the conversion from adenosine triphosphate to adenosine diphosphate [23] , the decreases in serum magnesium may occur due to an intracellular shift of magnesium to higher energy-demanding cells, such as muscle cells, and therefore reflect improved muscle metabolism. Analyses from prior studies with bardoxolone methyl have also shown that decreases in magnesium are not associated with the incidence of reported muscle spasm or gastrointestinal (e.g., diarrhea, vomiting) adverse events [16, 24] .
In summary, in addition to improvements in kidney function, treatment with bardoxolone methyl is associated with mild decreases in serum magnesium levels. The combination of decreased serum magnesium levels, together with unchanged intracellular magnesium in epithelial cells and no evidence of external loss of magnesium (e.g., no increase in urinary magnesium), suggests an intracellular shift of magnesium caused by bardoxolone methyl. Importantly, data from BEACON, an open-label pharmacodynamic study, and a cardiovascular safety study support the notion that these decreases are not likely due to adverse kidney effects (e.g., renal magnesium wasting or tubular toxicity) and are not associated with adverse cardiovascular effects on QT interval. Instead, the durable increases in eGFR with bardoxolone methyl have been shown to significantly reduce the likelihood of kidney failure outcomes, including end-stage renal disease and other validated surrogates (≥30% decline in eGFR or eGFR < 15 mL/min/1.73 m 2 ) [25] .
The strengths of the BEACON trial include a randomized design, a diverse patient population, and high clinical relevance to patients with T2DM and CKD. Because the pharmacodynamic study was exploratory in nature, the sample size study was selected based on practical considerations to evaluate the pharmacokinetics of bardoxolone methyl in patients, which involved intensive study visits with numerous blood draws. As a result, limitations of these analyses include the small sample size in the pharmacodynamic study, and the number of patients who completed the full 56-day dosing period was further reduced because of early termination of the study. In addition, we did not control for factors such as dietary intake of magnesium, use of diuretics or proton pump inhibitors, and diarrhea or other intestinal losses of magnesium in BEACON or the pharmacodynamic study, which can also affect magnesium levels. Furthermore, the trial did not include assessments specifically designed to determine how bardoxolone methyl affects intracellular magnesium in other cell types, including muscle cells or myocardial cells.
Further studies are needed to understand the potential mechanisms by which bardoxolone methyl might cause transcellular shifts of magnesium.
Bardoxolone methyl is currently being studied in a global phase 2/3 study in patients with CKD due to Alport syndrome (CARDINAL; NCT03019185); in a phase 2 study in US patients with other rare forms of CKD, including autosomal dominant polycystic kidney disease, type 1 diabetes, IgA nephropathy, and focal segmental glomerulosclerosis (PHOENIX, NCT03366337); and in a phase 3 study in Japanese patients with type 2 diabetes and CKD (AYAME, NCT03550443).
